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Summary 
 
While there is growing experimental evidence that cerebrospinal fluid (CSF) flow 
induced by the beating of ependymal cilia is an important factor for neuronal guidance, the 
respective contribution of vascular pulsation-driven macroscale oscillatory CSF flow remains 
unclear. This work uses computational fluid dynamics (CFD) to elucidate the interplay 
between macroscale and cilia-induced CSF flows and their relative impact on near-wall 
dynamics. Physiologic macroscale CSF dynamics are simulated in the ventricular space using 
subject-specific anatomy, wall motion and choroid plexus pulsations derived from magnetic 
resonance imaging (MRI). Near-wall flow is quantified in two subdomains selected from the 
right lateral ventricle, for which dynamic boundary conditions are extracted from the 
macroscale simulations. When cilia are neglected, CSF pulsation leads to periodic flow 
reversals along the ventricular surface, resulting in close to zero time-averaged force on the 
ventricle wall. The cilia promote more aligned wall shear stresses that are on average two 
orders of magnitude larger compared to those produced by macroscopic pulsatile flow. These 
findings indicate that CSF flow-mediated neuronal guidance is likely to be dominated by the 
action of the ependymal cilia in the lateral ventricles, while CSF dynamics in the center 
regions of the ventricles is driven predominantly by wall motion and choroid plexus pulsation. 
Key Words: cerebrospinal fluid dynamics, computational fluid dynamics, magnetic 
resonance imaging, ependymal cilia, neuronal migration. 
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1 Introduction 
A number of roles have been attributed to the cerebrospinal fluid (CSF) over the years, 
ranging from that of a static mechanical brain protection medium, to a steadily flowing 
metabolite collector and to a neuroendocrine communication pathway [1, 2]. Now there is a 
growing body of evidence suggesting that CSF also plays an important role in the 
development and organization of the central nervous system through neuronal guidance [3, 4]. 
The cerebral ventricles are lined by the ependyma, a single layer of ciliated 
ependymocytes in contact with the CSF [5]. These glial cells’ motile cilia beat in a periodic 
fashion (Figure 1A), generating localized CSF flow [6]. It has been proposed that this cilia-
induced flow clears debris from the ventricle walls, as well as enhances mixing which may be 
particularly relevant in the third ventricle with respect to neuroendocrine communication [7]. 
While mutations that affect cilia motion have been associated with hydrocephalus [6, 8-10], 
the exact mechanisms by which correspondingly altered CSF flow may be involved remains 
unclear.  
Cerebrospinal fluid motion also provides directional cues for neuronal migration: 
Progenitor cells born under the ependymal lining of the lateral ventricles in the adult brain 
migrate as far as the olfactory bulb where they differentiate into neurons and astroglia [11-
13]. Microscopic studies using mice demonstrated that the beating of ependymal cilia induces 
near-wall CSF flow in direction of the migratory path of neuroblasts [4]. Conversely, defects 
in cilia motility or removal of the ependymal cilia lead to altered CSF flow [14] and 
neuroblast migration [4]. Collectively, these results suggest a strong interrelation between 
neuronal migration and local CSF dynamics. 
However, while microscopic biological studies have considered CSF motion induced by 
cilia, they have not accounted for other major simultaneous contributors to CSF flow, namely 
the pulsation of the choroid plexus and the contraction and expansion of the ventricles. These 
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are known to produce pulsatile CSF flow with velocities several orders of magnitude larger 
than those generated by the cilia [15-20]. Vice versa, none of the investigations of large-scale 
CSF dynamics have taken into account the effect of cilia motion. Consequently, the main 
contributor to near-wall CSF flow involved in neuronal migration is unknown. 
In the present work, we characterize CSF flow in the entire ventricular space, 
characterizing the relative impact of macroscale (choroid plexus pulsation and ventricular 
wall motion) and microscale (beating of cilia) effects on near-wall CSF dynamics. We thereby 
shed light on the likely contributors to neuronal guidance. We employed MRI to capture the 
geometry of the ventricular system of a healthy volunteer, the associated ventricular wall 
motion and pulsatile CSF flow through the aqueduct. These data were used as the basis for 
computational fluid dynamics (CFD) simulations of the in vivo macroscale CSF flow through 
the four ventricles. Combining macroscale CSF flow and microscale cilia motion poses an 
inherent numerical challenge given the differences in length scale. To circumvent that 
difficulty, we used the macroscale simulation to extract boundary conditions for two 
subdomains in the lateral ventricles and compared the near wall flow structures and forces 
obtained with and without cilia.  
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2 Methods 
Simulations are carried out in two steps as summarized in Figure 2: First, the 
macroscale pulsatile CSF flow is calculated in the whole ventricular space. Then the near-wall 
flow characteristics are simulated in two subdomains located in the lateral ventricles. For the 
latter simulations, flow boundary conditions are extracted from the former, while information 
on the cilia orientation and force are obtained from two additional sets of preparatory 
calculations. Acquisition and processing of the in vivo data required for the macroscale 
simulations are presented first, followed by the numerical methods for the remaining 
calculations. 
2.1 In Vivo Data Acquisition 
Magnetic resonance imaging (MRI) was performed on a healthy 23 year-old female 
volunteer using a 3T Philips Achieva System (Philips Healthcare, The Netherlands). Informed 
consent for the use of imaging data for research purposes was obtained prior to the study. 
Three sequences were used: 1) a 3D balanced gradient echo sequence in transverse, sagittal 
and coronal orientations to reconstruct the whole ventricular geometry, 2) a retrospectively 
ECG gated 2D phase-contrast gradient echo sequence in the aqueduct to acquire aqueductal 
flow, and 3) a 3D cine Displacement Encoding Using Simulated Echos (DENSE) sequence 
[21] with an 8 channel head coil to obtain brain motion. Displacement encoding for the 
DENSE sequence was applied in the read-out direction and the 3D volume was rotated twice 
by 90° to measure the entire 3D displacement vector field. A summary of the MRI parameters 
is given in Table 1. 
2.2 Processing of In Vivo Data 
The ventricular space was segmented from the anatomical images utilizing Avizo 
(VSG, France) and then smoothed using Geomagic Studio (Geomagic Inc., USA) (Figure 3, 
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Left). Brain motion reconstruction from the 3D DENSE data required a series of filtering 
operations. The data sets were registered to the anatomical reconstruction of the ventricles and 
motion data stemming from within the ventricles was eliminated. Noise outside the skull was 
removed by filtering based on standard deviation. Finally, a low pass Gaussian filter was 
applied to ensure a sufficiently smooth displacement field for subsequent simulations.  
Flow segmentation in the aqueduct was carried out semi-automatically using MATLAB 
(The MathWorks Inc., USA) with the procedure outlined in [22], yielding the flow curve 
illustrated in the right panel of Figure 3.  
2.3 Macrosccale Simulation of Pulsatile Flow in the Complete Ventricular Space 
For the CFD simulations, the CSF was considered as an incompressible Newtonian 
fluid according to literature data [23, 24]. A non-uniform unstructured mesh with four million 
cells representing the entire ventricular space was generated in ICEMCFD (ANSYS, USA) 
with variable characteristic edge lengths ranging from 0.1 mm to 0.4 mm and boundary cell 
layers in areas of expected large velocity gradients. Mesh independence simulations 
performed with 2.6 and 3.2 million cells revealed 2.3% and 0.25% maximum deviation in the 
flow rate, respectively, calculated for the sub domain at four random sample instances. The 
maximum deviation in the velocities averaged over four different probe locations was 10.8% 
and 4%, respectively. The incompressible Navier-Stokes equations were solved using an 
implicit PISO algorithm in OpenFOAM [25].  
Choroid plexus pulsations were taken into account via a source term in the continuity 
equation. The temporal source magnitude was determined via the principle of mass 
conservation as the difference between aqueductal flow and ventricular volume change rate. 
No-slip boundary conditions were specified along all ventricle walls. Ventricular surface 
motion was interpolated from the reconstructed brain motion and a zero relative pressure 
boundary condition was applied at the foramina of Luschka. The discretization was second 
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order in space and time with a target maximum Courant-Friedrichs-Lewy (CFL) number of 
0.5.  
2.4 Preparatory Simulations to Determine Cilia Orientation and Force 
According to [26], murine ependymal cilia progressively align in the direction of CSF 
flow during development, with CSF production giving the first directional bias. In absence of 
any other flow sources, the beating of the cilia yields near-wall CSF flow with a mean 
velocity of 45.6 ± 2.5 µm/s.  
Based on the first observation, the direction of the ependymal cilia was assumed to be 
aligned with the direction of wall shear stress (WSS) imposed by CSF production. This was 
obtained from simulations on the entire ventricular domain as in Section 2.3 without wall 
motion and choroid plexus pulsations. The source term in the continuity equation was held 
constant and equal to the CSF production rate of 0.35 mL/min [27]. The resultant directional 
field over the inferior surfaces of the investigated lateral ventricular subdomains (Figure 4) is 
shown in Figure 5.  
Next we estimated the net mean force density imposed on the fluid by the beating cilia 
required to establish the CSF flow observed in [26]. This net force density was assumed to be 
uniform over the ependymal surface and vary linearly from zero at the wall to a maximum 
value of fMax at 15 microns distance, which is the typical length of an ependymal cilium [28] 
(Figure 1B). fMax was determined by a series of flat plate simulations without bulk flow and 
only subject to a local body force in the plate vicinity. After matching the reported velocity at 
the cilia tip, the cilia-induced maximum force density was estimated to be fMax = 526 N/m
3
. 
2.5 Flow Simulation in Subdomains of the Lateral Ventricles 
To assess the impact of cilia motion on near wall flow, a finer mesh was generated on 
selected subdomains of the right lateral ventricle. The locations of these subdomains in the 
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frontal and central sections of the lateral ventricle were chosen based on their relevance for 
neuronal migration. The frontal subdomain is comprised of a 6x2.4 mm
2
 region bounded by 
the ventricular surfaces in both feet and head directions, resulting in a depth varying between 
3 mm and 6 mm (Figure 4a). Similarly, the central subdomain occupies a 3.2 x7.9 mm
2
 region 
with a 6.6-7.7 mm depth range (Figure 4b). The two subdomains were meshed using 6 layers 
of boundary cells in the first 15 microns from the ventricle wall (this corresponds to the 
nominal length of the cilia). Structured hexagonal grids were applied in the rest of the domain, 
resulting in mesh sizes of 320,000 and 384,000 cells for the frontal and central subdomains, 
respectively. 
Simulations with and without cilia were performed using the boundary conditions 
illustrated in Figure 4a: Posterior, left and right planes were considered as flow inlets. 
Velocity distributions in normal direction to these planes were imposed based on velocity 
values sampled from the pulsatile macroscale simulations. The anterior surface was treated as 
a fixed zero relative pressure outlet. The two ventricular surface boundaries were treated as no 
slip walls and the contraction and deformation of the ventricles were omitted. For the 
simulation with the cilia, a body force representing the action of the cilia was imposed with 
the force and direction determined as described in Section 2.4. A grid independence study was 
performed in the central subdomain using 48, 96, 192, 384 and 480x10
3
 cells with 4, 4, 5, 6 
and 7 boundary cell layers, respectively. Results at 4 random sample locations revealed <1% 
difference in velocity magnitude between calculations on grids with more than 48x10
3
 cells, 
and <1% difference in WSS for grids with at least 6 boundary cell layers.  
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3 Results 
3.1 Pulsatile Macroscale Flow in the Entire Ventricular Space 
The basic pulsatile flow characteristics in the ventricular CSF space can be described 
representatively through the four sample points (A-D) marked in Figure 3. In the aqueduct of 
Sylvius, maximum velocities were 90 mm/s (Reynolds number 250) and 144 mm/s (Reynolds 
number 300) in the flush and fill period, respectively. Maximum WSS was 1.6 Pa and 
maximum pressure drop along the aqueduct 19 Pa. 
The most pronounced flow feature in the third ventricle is a vortex ring between the 
aqueduct and interthalamic adhesion (Figure 6) that is prevalent throughout the cardiac cycle. 
The vortex is clearly identified at the beginning of the fill period (A1) where it deflects the 
accelerated flow from the aqueduct towards the adhesion. Around peak fill (B1), the vortex 
ring moves anteriorly and the CSF directly reaches the foramina of Monro  without significant 
deflection. During the flush period (C1, D1), flow from the foramina is entrained in the 
destabilized vortical structure prior to entering the aqueduct. Flow in the fourth ventricle 
(Figure 6 A2-D2) is mostly aligned with the bulk flow direction with few secondary 
structures. 
In the lateral ventricles, CSF flow patterns can be differentiated between phases 
dominated by the inertia of the fluid (Figure 7 A and C), and phases dominated by the choroid 
plexus and ventricular wall motion (Figure 7 B and D). In the former, streamlines are largely 
parallel to the ventricle axis, showing clear filling or flushing patterns, while in the latter 
streamlines are mostly orthogonal to the walls flowing, respectively, towards or away from 
the contracting or dilating borders.  
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3.2 Near-Wall CSF Dynamics With and Without Cilia Motion 
Comparison of the flow characteristics obtained with and without cilia motion (Figures 
8 through 12) reveals a marked effect of the cilia on the near-wall dynamics while the 
macroscopic velocity profiles remain close to identical. Figures 8 and 9 compare the velocity 
profiles with and without consideration of the cilia force in the frontal and central subdomain, 
respectively. In absence of cilia, the pulsatile nature of the bulk CSF flow is felt down to the 
wall boundary layer with periodic changes in flow direction (Figures 8 and 9 A1-D1). For the 
frontal domain in absence of cilia, there is flow in both directions along the sagittal axis 
during the fill period shown in Figure 8 A1, B1. The flow starts to change to posterior only 
direction at the beginning of the flush period (Figure 8 C1), fully reaching unidirectional state 
at time point D. In contrast, when considering the effect of the cilia force for the same 
subdomain (Figure 8 A2-D2), the near-wall flow direction remains constant despite the 
periodic changes in bulk flow, following the orientation of the mean force imposed by the 
cilia. Further away from the wall, the inertia of the bulk CSF flow is large enough to 
overcome the cilia-induced force, yielding periodic changes in bulk flow direction between 
the fill and flush phases. 
Due to its location, the macroscopic flow characteristics of the central subdomain are 
markedly different from that of the frontal one. In absence of cilia, the flow in the central 
domain is fully in anterior-to-posterior direction during the fill period (Figure 9 A1, B1). 
Then, during the flush phase, the flow reverses both in the wall boundary layer and bulk 
region (Figure 9 C1, D1). Yet, despite these differences in macroscale flows, the impact of the 
cilia is similar to that observed in the frontal domain, resulting in a constant near-wall flow 
direction irrespective of the bulk flow pulsations (Figure 9 A2-D2).   
Figures 10 through 12 illustrate the impact of the cilia on the wall shear stresses in 
terms of magnitude and directionality. In the simulations without cilia, the time-averaged 
magnitude of WSS is close to zero for both subdomains, going up to a maximum of 0.04 mPa 
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(Figures 10a, 11a). The standard deviation of the instantaneous WSS direction is very large, 
with maximum of 100° in the frontal and 110° in the central subdomain (Figures 10b, 11b), 
illustrating the fact that in absence of cilia the flow direction varies significantly near the wall 
. In contrast, in the presence of cilia, the time-averaged WSS magnitude rises up to 5 and 2 
mPa for the frontal and central subdomains, respectively (Figures 10c, 11c). The standard 
deviation of the instantaneous WSS direction decreases substantially to a maximum of 15° in 
both domains (Figures 10d, 11d). These results are best understood when viewed in 
conjunction with the spread of the WSS direction angle during the cardiac cycle (Figure 12). 
Without cilia motion (Figure 12 a, c), there is a wide distribution of the WSS direction, 
resulting in a close to zero net force. In the presence of the cilia (Figures 12 b, d), the 
instantaneous WSS is better aligned with the temporal mean value; its effects are thus additive 
throughout the cardiac cycle. Hence, cilia action aligns the flow to a great extent, increasing 
the time-averaged WSS by two orders of magnitude from a mean of 0.04 mPa without the 
cilia up to 2-5 mPa with the cilia. 
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4 Discussion and Conclusion 
The present study seeks to shed light on the near-wall fluid dynamics in the cerebral 
ventricles which contribute to neuronal guidance. To this end, we first characterized the bulk 
CSF dynamics in the entire ventricular space, accounting for both ventricular wall motion and 
choroid plexus pulsations. Focusing on two subdomains in the right lateral ventricle, we then 
demonstrated that bulk flow alone does not produce any notable directionality of either flow 
or shear stress near or on the surface of the lateral ventricles. Instead, we observed that the 
ependymal cilia appear as the major contributors promoting time-averaged flow directionality, 
yielding both an alignment of the wall shear stress orientation and two orders of magnitude 
increase in the average wall shear stress magnitude. 
This is the first study to characterize near-wall flow and WSS in the cerebral ventricles 
in detail by bridging the gap between macro- and microscale effects. Wall effects of pulsatile 
CSF flow in the ventricular space have received little attention so far. Biological studies in 
animal or in vitro models have mostly focused on flow and WSS induced by the cilia alone [4, 
26], while macroscopic flows have been approached predominantly from a neurosurgical [27, 
29, 30], radiologic [31-33] or biomedical [15-18, 20] point of view, mostly without interest in 
WSS or near-wall dynamics. In point of fact, WSS estimates from radiological studies are 
limited by the near-wall resolution, while numerical investigations have been limited by 
underlying model assumptions, including simplified geometries, steady flows, neglected wall 
motion, choroid plexus pulsations or cilia action.  
Our macroscale results restate the importance of accounting for both the geometric 
intricacy of the ventricular space and its dynamic pulsatile environment, as these induce peak 
flow, pressure and WSS values that are much higher than the ones estimated when 
considering the steady CSF production alone [34, 35]. The analysis of the in vivo MRI data 
further demonstrates that CSF pulsatility as measured in the aqueduct of Sylvius cannot be 
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explained by the sole contraction/dilation of the ventricles, suggesting a non-negligible 
contribution from the choroid plexus. It is also noteworthy that this study revealed similar 
peak characteristic values and flow structures in the third ventricle (Figure 6) as reported by 
[24], even though the two studies were based on different volunteers. These structures – 
particularly the dynamics of the main vortex – have been documented by direct imaging as 
well [19]. 
In the absence of the microscale cilia action, the subdomain simulations reveal patterns 
comparable to Womersley flow (Figures 8, 9 A1-D1), where flow reversal in the wall 
boundary layer occurs with a phase shift relative to the far field. Most importantly, while peak 
WSS can be relatively high, its time-average is almost zero (Figures 10a, 11a), implying that 
without ependymal cilia, the mean shear stress acting on the ventricle walls over a cardiac 
cycle would be close to null. Together with the lack of flow directionality, this goes against 
the evidence of flow-mediated neuronal guidance. In contrast, the simulations with the cilia 
show that the net force imposed by the cilia is sufficient for maintaining a constant flow 
direction in the vicinity of the wall throughout the cardiac cycle, confining flow reversals to 
the far field (Figures 8, 9 A2-D2). The resultant WSS has a mean of 2 and 5 mPa for the 
frontal and central subdomains, respectively (Figure 10c, 11c) and is aligned with the 
direction of the cilia force (Figure 12 b, d). This is coherent with observations of neuronal 
migration patterns [4, 12, 26].   
With the exception of some areas such as those close to the foramina of Monro, the 
pulsatile bulk flow in the remainder of the ventricular space is faster than in the lateral 
ventricles. Particularly high velocities on the order of 10 cm/s are reached in the aqueduct of 
Sylvius. While the aqueduct is not relevant for neuronal guidance, its ciliated ependymal 
lining may nevertheless influence near-wall CSF dynamics. We tested this with an additional 
subdomain in the aqueduct: In contrast to the lateral ventricles, aqueductal near-wall CSF 
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dynamics are dominated by the pulsatile bulk flow rather than by action of the cilia.  Reversal 
of the bulk flow direction is propagated all the way down to the aqueduct wall. 
Limitations 
In this study we considered a one-way coupling of the pulsatile macroscopic velocity 
field with cilia-induced flow. This was done by imposing the macroscopic field as transient 
velocity boundary conditions on the posterior and lateral planes of the investigated 
subdomains. Consequently, there is no feed-back from the cilia to the flow outside these 
domains. To test whether this approach is justified, we compared the velocities in the center 
of both ventricular subdomains at each time instance defined in Figure 3 in simulations with 
and without cilia action. We observed a maximum of 10.7 % difference, which we consider 
acceptable.   
An assumption of this study is that the cilia are aligned with the net CSF flow in the 
adult brain. In vivo, however, their orientation is determined during brain maturation [26]. The 
actual and simulated cilia orientations may thus differ. Still, the resultant direction field 
determined in our subdomain (Figure 5) was coherent with experimental observations [4], 
with longitudinally aligned tracks directed towards the anterior lobe of the lateral ventricle.  
There is large variation in the reported values for the magnitude of cilia-generated 
velocities, ranging from approximately 1 to 1000 µm/s [36]. However, values for ventricular 
ependymal cilia fall within a much narrower range, from 10 µm/s in tadpole larvae [37] to 20-
45 µm/s in mice [8, 26]. Here we relied on the 45.6 ± 2.5 µm/s given in [26], as that report 
contained an unambiguous characterization of the experimental setup. With that value, the 
cilia were observed to yield a two-orders of magnitude increase in the mean WSS magnitude. 
They can thus be expected to have a measurable impact on the mean WSS even when 
considering clearly lower cilia-induced velocities such as those of approximately 20 µm/s 
reported in [8].  
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The cilia-generated force density was further assumed to 1) be constant in time, 
representing mean action on the fluid rather than the cilia’s periodic beating motion, 2) remain 
constant irrespective of the external flow conditions, and 3) increase linearly from zero at the 
wall to fmax at the tip of the cilia. The first approximation was deemed reasonable as the cilia 
beat frequency is around 25 Hz [26], one order of magnitude higher than that of bulk flow 
variations. Contrary to our second assumption, experimental and numerical work on cilia or 
sperm flagella, which exhibit similar mechanical behavior, suggest that the external fluid 
viscosity and dynamics impact the beat frequency [38-40] and, thereby, the resultant net force 
density. There is thus a need for more detailed characterization of the interaction between 
CSF dynamics and ventricular ependymal cilia motion. Similarly, the third assumption is one 
made out of necessity, as there is lack of data on the actual force density distribution 
generated by the ependymal cilia. This distribution could, principally, be determined based on 
analytical [41] or computational models [42-45], or be derived from measured velocity 
profiles. If the true force density distribution has a steeper slope than assumed here, our model 
would underestimate the effect of the cilia. This would be in support of our main message that 
near lateral ventricular wall CSF dynamics are dominated by the cilia. If the distribution has a 
flatter slope, the relative effect of the cilia would be reduced. However, given the fact that our 
simulations predict that WSS induced by the cilia is on average two orders of magnitude 
larger than that generated by ventricle motion and choroid plexus pulsation, we are confident 
that also in that case the main message remains valid. 
 
Conclusion 
Our investigations demonstrated that in the lateral ventricles, near-wall CSF dynamics 
and therefrom derived WSS are dominated by ependymal cilia action. In these regions, 
macroscale pulsatile CSF flow driven by ventricular expansion and contraction as well as 
choroid plexus pulsation lacked time-averaged directionality and yielded an almost zero net 
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force. This supports the concept that altered neuroblast migration after cilia removal may be 
mediated by a change in near-wall CSF dynamics.  
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Tables and Figures  
 
 
 Ventricular 
Anatomy 
Aqueductal Flow Brain Motion 
Sequence  
3D balanced 
gradient echo 
2D phase-contrast 
gradient echo 
3D DENSE 
Voxel size  0.6x0.6x0.6 mm³ - 3.0x3.0x3.0 mm³ 
Spatial 
resolution 
 - 0.4x0.4 mm² - 
Slice thickness  - 4.0 mm - 
Domain size  220x220x80 mm³ - 168x168x168 mm³ 
TR/TE  - 14.5/6.4ms 9.3/5.5ms 
Encoding strength  - - 0.2 mm/π 
Encoding velocity  - 17 cm/s - 
EPI factor  - - 9 
 
Table 1 MRI parameters used for acquisition of in vivo brain motion, flow rate through the 
aqueduct of Sylvius and ventricular anatomy. 
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Figure captions 
 
Figure 1 A: Schematic representation of a beating ependymal cilium. The beating motion is 
composed of an effective and a recovery stroke [6]. B: Cilia modeling approach. The action of 
the cilia is accounted for via body forces acting on the CSF. The applied force density is 
varied linearly from zero at the ventricular wall up to the value of fmax = 526 N/m
3
 at the tip of 
the cilia. fmax is determined empirically by matching the induced fluid velocity to 
experimental measurements. (Online version in colour.) 
 
Figure 2: Simulation methodology. The dark grey boxes highlight the main simulation 
endpoints, namely the characterization of the pulsatile 3D CSF dynamics in the whole 
ventricular space, and the comparison of the near-wall flow features with and without cilia in 
the ventricular subdomain. The light grey boxes summarize the in vivo data and preparatory 
calculations required for these simulations.  
 
Figure 3: In vivo data obtained with MRI. Left: Ventricular geometry extracted from 
anatomical MRI images overlaid onto the MRI displacement field. Right: CSF flow rate 
through the aqueduct reconstructed from the 2D phase contrast gradient echo sequence, and 
the four sample points (A-D) discussed in the results. Note that the ECG R-peak is used to 
define the start of the cardiac cycle. Points A and B are in the fill period where the flow 
through the aqueduct is oriented in cranial direction, while points C and D correspond to the 
flush period where CSF flows is in caudal direction. LLV: left lateral ventricle, LMo: left 
foramen of Monro, Ad: interthalamic adhesion, 3V: third ventricle, Aq: aqueduct of Sylvius, 
4V: fourth ventricle, Lusch: foramen of Luschka. 
 
Figure 4: Ventricular (a) frontal and (b) central subdomains. Left: Morphology and location 
of the subdomains (circled) within the right lateral ventricle. Right: Computational grid and 
boundary conditions used for the subdomain simulations. (Online version in colour.) 
 
Figure 5: WSS orientation in the preparatory steady simulations in the (a) frontal and (b) 
central subdomains resulting solely through flow induced by continuous CSF production. This 
direction field defines the orientation of the motile cilia in the subsequent calculations. 
(Online version in colour.)  
 
Figure 6: Flow characteristic in the third ventricle and aqueduct of Sylvius (A1-D1), and in 
the fourth ventricle (A2-D2). Streamlines are derived with respect to the global coordinate 
system and color-coded by velocity magnitude. Time points A through D correspond to the 
instants marked in Figure 3. 
 
Figure 7: Flow characteristic in the left lateral ventricle. Streamlines are color-coded by 
velocity magnitude. Time points A through D are defined in Figure 3. 
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Figure 8: Comparison of the velocity profiles in the frontal subdomain when neglecting (A1-
D1) or accounting for (A2-D2) cilia action. The velocity vectors length is scaled with the 
velocity magnitude (mm/s). These vectors are projected to a sagittal plane going through point 
Qf. To illustrate the effect of cilia on the velocity fields, the velocity profiles are sampled over 
the first 1 mm of the line starting in point Qf on the inferior wall (see inset) and extending 
perpendicularly into the ventricle lumen. Time points A through D are defined in Figure 3. 
(Online version in colour.)  
 
Figure 9:  Comparison of the velocity profiles in the central subdomain when neglecting (A1-
D1) or accounting for (A2-D2) cilia action. The velocity vectors length is scaled with the 
velocity magnitude (mm/s). These vectors are projected to a sagittal plane going through point 
Qc. To illustrate the effect of cilia on the velocity fields, the velocity profiles are sampled over 
the first 1 mm of the line starting in point Qc on the inferior wall (see inset) and extending 
perpendicularly into the ventricle lumen. Time points A through D are defined in Figure 3. 
(Online version in colour.) 
 
  
Figure 10: Analysis of the WSS distribution on the lateral ventricle wall within the frontal 
subdomain shown in the inset when neglecting (a-b) or accounting for (c-d) cilia motion. 
(a,c): Time-averaged WSS magnitude. (b,d): Standard deviation of the angle between the 
instantaneous and time-averaged WSS. (Online version in colour.) 
 
Figure 11: Analysis of the WSS distribution on the lateral ventricle wall within the central 
subdomain shown in the inset when neglecting (a-b) or accounting for (c-d) cilia motion. 
(a,c): Time-averaged WSS magnitude. (b,d): Standard deviation of the angle between the 
instantaneous and time-averaged WSS. (Online version in colour.)  
 
  
Figure 12: Polar bar graph showing the spread of the WSS direction throughout the cardiac 
cycle for the frontal subdomain (a,b) and the central subdomain (c,d), when neglecting (a,c) or 
accounting for (b,d) cilia motion. WSS direction was sampled in points Qf and Qc, 
respectively, as defined in Figures 8 and 9 at 101 equally spaced time instances during the 
cardiac cycle, its average defining the polar axis. The azimuth indicates the deviation from 
this mean direction while the radius indicates the number of samples in 36 bins of 10°. The 
anterior/posterior and cilia force directions are provided for reference. (Online version in 
colour.)  
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Figure 1 A: Schematic representation of a beating ependymal cilium. The beating motion is composed of an 
effective and a recovery stroke [6]. B: Cilia modeling approach. The action of the cilia is accounted for via 
body forces acting on the CSF. The applied force density is varied linearly from zero at the ventricular wall 
up to the value of fmax = 526 N/m
3 at the tip of the cilia. fmax is determined empirically by matching the 
induced fluid velocity to experimental measurements. (Online version in colour.)  
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Figure 2: Simulation methodology. The dark grey boxes highlight the main simulation endpoints, namely the 
characterization of the pulsatile 3D CSF dynamics in the whole ventricular space, and the comparison of the 
near-wall flow features with and without cilia in the ventricular subdomain. The light grey boxes summarize 
the in vivo data and preparatory calculations required for these simulations.  
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Figure 3: In vivo data obtained with MRI. Left: Ventricular geometry extracted from anatomical MRI images 
overlaid onto the MRI displacement field. Right: CSF flow rate through the aqueduct reconstructed from the 
2D phase contrast gradient echo sequence, and the four sample points (A-D) discussed in the results. Note 
that the ECG R-peak is used to define the start of the cardiac cycle. Points A and B are in the fill period 
where the flow through the aqueduct is oriented in cranial direction, while points C and D correspond to the 
flush period where CSF flows is in caudal direction. LLV: left lateral ventricle, LMo: left foramen of Monro, 
Ad: interthalamic adhesion, 3V: third ventricle, Aq: aqueduct of Sylvius, 4V: fourth ventricle, Lusch: 
foramen of Luschka.  
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Figure 4: Ventricular (a) frontal and (b) central subdomains. Left: Morphology and location of the 
subdomains (circled) within the right lateral ventricle. Right: Computational grid and boundary conditions 
used for the subdomain simulations. (Online version in colour.)  
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Figure 5: WSS orientation in the preparatory steady simulations in the (a) frontal and (b) central 
subdomains resulting solely through flow induced by continuous CSF production. This direction field defines 
the orientation of the motile cilia in the subsequent calculations. (Online version in colour.)  
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Figure 6: Flow characteristic in the third ventricle and aqueduct of Sylvius (A1-D1), and in the fourth 
ventricle (A2-D2). Streamlines are derived with respect to the global coordinate system and color-coded by 
velocity magnitude. Time points A through D correspond to the instants marked in Figure 3.  
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Figure 7: Flow characteristic in the left lateral ventricle. Streamlines are color-coded by velocity magnitude. 
Time points A through D are defined in Figure 3.  
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Figure 8: Comparison of the velocity profiles in the frontal subdomain when neglecting (A1-D1) or 
accounting for (A2-D2) cilia action. The velocity vectors length is scaled with the velocity magnitude 
(mm/s). These vectors are projected to a sagittal plane going through point Qf. To illustrate the effect of 
cilia on the velocity fields, the velocity profiles are sampled over the first 1 mm of the line starting in point 
Qf on the inferior wall (see inset) and extending perpendicularly into the ventricle lumen. Time points A 
through D are defined in Figure 3. (Online version in colour.)  
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Figure 9:  Comparison of the velocity profiles in the central subdomain when neglecting (A1-D1) or 
accounting for (A2-D2) cilia action. The velocity vectors length is scaled with the velocity magnitude 
(mm/s). These vectors are projected to a sagittal plane going through point Qc. To illustrate the effect of 
cilia on the velocity fields, the velocity profiles are sampled over the first 1 mm of the line starting in point 
Qc on the inferior wall (see inset) and extending perpendicularly into the ventricle lumen. Time points A 
through D are defined in Figure 3. (Online version in colour.)  
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Figure 10: Analysis of the WSS distribution on the lateral ventricle wall within the frontal subdomain shown 
in the inset when neglecting (a-b) or accounting for (c-d) cilia motion. (a,c): Time-averaged WSS 
magnitude. (b,d): Standard deviation of the angle between the instantaneous and time-averaged WSS. 
(Online version in colour.)  
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Figure 11: Analysis of the WSS distribution on the lateral ventricle wall within the central subdomain shown 
in the inset when neglecting (a-b) or accounting for (c-d) cilia motion. (a,c): Time-averaged WSS 
magnitude. (b,d): Standard deviation of the angle between the instantaneous and time-averaged WSS. 
(Online version in colour.)  
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Figure 12: Polar bar graph showing the spread of the WSS direction throughout the cardiac cycle for the 
frontal subdomain (a,b) and the central subdomain (c,d), when neglecting (a,c) or accounting for (b,d) cilia 
motion. WSS direction was sampled in points Qf and Qc, respectively, as defined in Figures 8 and 9 at 101 
equally spaced time instances during the cardiac cycle, its average defining the polar axis. The azimuth 
indicates the deviation from this mean direction while the radius indicates the number of samples in 36 bins 
of 10°. The anterior/posterior and cilia force directions are provided for reference. (Online version in colour.) 
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